ABSTRACT
INTRODUCTION

51
The increasing availability of genome sequence information has driven the need for, and 52 development of, improved tools for gene annotation that predict the function of encoded 53 biomolecules. As a result, the number of open reading frames (ORFs) annotated as 54 "hypothetical proteins" continues to shrink. However, smaller ORFs (i.e., corresponding to 55 putative proteins and peptides of less than 100 amino acids) remain annotated to a 56 disproportionate extent as "hypotheticals" (Table 1 ). These await closer bioinformatic inspection 57 and complementary biochemical evaluation. The problem, however, is that small proteins and 58 peptides are "needles in a haystack" of small ORFs that are present in genomes (1) . Any 59 random stretch of 50 codons has a 9% chance of lacking a stop codon, while a stretch of 100 60 codons has a 0.8% chance of lacking a stop codon. Therefore, even a small bacterial genome 61 could contain hundreds of small ORFs with physiological and ecological significance.
62
For many reasons, small ORFs are often subject to inaccurate gene calls. The 63 bioinformatic difficulties in accurately predicting small protein-and peptide-coding genes can be 64 addressed by experimental techniques, such as tiling arrays and deep sequencing of RNA, but minutes. For chemiluminescent ladder detection, biotinylated protein ladder was loaded onto at 152 least one lane of the gel, and 10,000x dilute goat anti-biotin IgG -HRP conjugate (Cell
153
Signaling Technology, Danvers, MA) was added to the secondary antibody incubation.
155
RESULTS
157
Growth and morphology of T. maritima during phase transitions. Growth rates for
158
T. maritima on either 1 and 5 g/l yeast extract (YE) in ASW-based medium with 2.5 g/l maltose,
159
were not significantly different (doubling time of ~80-90 minutes), although final cell densities on 
164
shown in Figure 2B . This was not observed in cultures grown on 5 g/l YE ( Figure 2D ).
166
Exponential and stationary phase transcriptomes for growth on rich medium.
167
When T. maritima was grown on medium containing 5 g/l YE, the genes differentially regulated 168 between exponential and stationary phase reflected changes in cellular functions upon entry 169 into stationary phase. Of the 187 ORFs significantly up-regulated in log phase compared to 170 stationary phase (Tables 2, 3 and S1), 55 were involved in carbohydrate transport and 171 metabolism, including glucose-inducible components of transporters for cellobiose (17), glucose
172
(18), and trehalose (18). Two maltose transporters (19) were transcribed at slightly higher levels 173 during exponential phase, but these differences generally did not meet the criteria for statistical 174 significance. Cell division genes (minC, minD, and ftsI) were more highly transcribed during log 175 phase, along with genes involved in fatty acid biosynthesis (2), nucleic acid replication and 176 repair (11), translation (35), and protein processing and secretion (10).
The stationary phase transcriptome for the rich medium (5 g/l YE) suggested that various vitamins and amino acids were depleted during exponential growth. Assimilation of regulated. Also up-regulated were 12 flagella-related genes, and genes involved in the 182 biosynthesis of tyrosine (TM0344), leucine (TM0548-TM0555), cysteine (TM0882), and lysine
183
(TM1519-TM1520), among others. Genes involved in the biosynthesis of the vitamins riboflavin
184
(TM1826-TM1827), thiamine (TM0787-8, TM0888, TM1244-51), and pantothenate (TM1077)
185
were also more highly transcribed during stationary phase.
186
The transcriptome provided evidence that balancing redox reactions was a key issue for
187
T. maritima during growth, although genes implicated in oxidative stress response (20) 
213
CRISPR-associated adaptive immunity proteins (TM1792-TM1802) (24) and a glycerol uptake 214 operon (TM1429-TM1431) were also up-regulated in 1 g/l vs. 5 g/l YE during exponential phase.
215
Only four genes were up-regulated in 5 g/l vs. 1 g/l YE during exponential phase: two 
226
As discussed above, the transcription of a number of growth-associated genes did not 227 decrease during the 1 g/l YE phase transition, as was the case for the 5 g/l YE phase transition.
228
Other genes up-regulated during stationary phase on the leaner medium included a putative homolog) were also up-regulated in the leaner medium during stationary phase. 
240
Response of small ORFs annotated as hypothetical proteins. As noted in Table 1 ,
241
there are 113 ORFs corresponding to 100 or fewer amino acids that are annotated as
242
"hypothetical proteins" in the T. maritima genome. Table 4 shows that many of these putative
243
small ORFs generated transcripts for the growth conditions studied here, the levels of which 244 varied significantly. Thirteen of these ORFs were differentially transcribed during phase 245 transition on 1 or 5 g/l YE. Only one (TM1275) was more highly transcribed during exponential 246 phase, while the other twelve were more highly transcribed during stationary phase. Three of 247 these twelve (TM1309, TM1315, and TM1316) occur in a genomic locus (TM1298-TM1336),
248
which was chosen for further analysis.
250
Transcription of the 'TM1300s' region. During growth on 1 g/l YE, as mentioned 251 above, the transition to stationary phase was associated with a large fraction of the cell 252 population becoming bloated and coccoidal (Fig. 2B) ; this was not observed during growth on 5
253
g/l YE ( Figure 2D ). Only 12 ORFs were up-regulated both in 1 g/l YE stationary phase vs. 5 g/l 254 stationary phase and 1 g/l stationary phase vs. 1 g/l exponential phase. Three of these ORFs (discussed above). The remaining nine are in a particular genomic locus (TM1298-TM1336 or
257
'TM1300s') ( Table 5 ) that was previously found to be responsive when T. maritima was grown 258 on spent medium from another hyperthermophile, Pyrococcus furiosus (30). All nine TM1300s
259
ORFs that were induced are found in four predicted operons, each of which has a similar 260 organization consisting of one or more small ORFs (31-79 amino acids), followed by one or two 261 radical SAM proteins, followed by multiple ABC-2-type transporter proteins or hypothetical 262 proteins ( Figure S1 ). Each of these four predicted operons is separated by putative 
339
The small peptide examined here (TM1316) does have similar spacing of cysteines and 340 similar length compared to subtilosin A (Figure 3 ). However, TM1316 is apparently primarily 341 localized to the cell membrane ( Figure 3C ), and it is unclear whether this peptide is a 
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